INTRODUCTION
Flexural failure of a reinforced concrete member occurs when its extreme fiber reaches the ultimate compressive strain of concrete. Concrete in the compression zone is subjected to a stress distribution, referred to as the stress block, that follows the stress-strain relationship of a concrete cylinder tested in axial compression. This paper focuses on the evaluation of the stress block in the compression zone of high-strength concrete (HSC) flexural members. The strength considered in this investigation ranged from 10 to 18 ksi (69 to 124 MPa). The authors used a similar test setup developed by Hognestad et al. 1 in which an eccentric bracket specimen was subjected to an axial compression and a moment to simulate the stress profile in the compression zone of a rectangular flexural member.
The load and resistance factor design (LRFD) specifications, 2 first published in 1994, include an article (5.4.2.1) limiting its applicability to a maximum concrete strength of 10 ksi (69 MPa), unless physical tests are made to establish the relationship between concrete strength and its other properties. This limitation was imposed due to the lack of sufficient research data on HSC at the time when the specifications were developed. Many design provisions stipulated in the LRFD specifications 2 are still based on test results obtained from specimens with compressive strengths up to 6 ksi (41 MPa). Although such a strength limit is not explicitly imposed by ACI 318-05, 3 except in its provisions for shear and development length, its applicability to HSC is not fully and explicitly addressed either. Details on other design codes are given in Mertol. 4 RESEARCH SIGNIFICANCE This study focuses on general characteristics of the stress profile in the compression zone of HSC flexural members. The proposed model is based on the test results of 21 unreinforced HSC members as well as a significant amount of data found in the literature. Stress-strain curves and stress block parameters for HSC were obtained, evaluated, and compared to test results available in the literature. Test results of this study as well as those from previous research served as the basis for recommended revisions to code provisions on stress block parameters for concrete strength up to 18 ksi (124 MPa). and 124 MPa) were used. Five specimens were tested for the target concrete compressive strength of 10 ksi (69 MPa) whereas six and 10 specimens were tested for the target concrete compressive strengths of 14 and 18 ksi (97 and 124 MPa), respectively. Three 4 x 8 in. (100 x 200 mm) cylinders were also tested for each specimen to evaluate the concrete strength at the time of testing. Additional cylinders were cast for each batch of concrete to establish the 28-day compressive strength of the batch.
EXPERIMENTAL PROGRAM
To prevent premature localized failure, both ends of the specimens were heavily reinforced with three No. 4 U-shaped longitudinal and three No. 3 transverse reinforcements, as shown in Fig. 1 . In addition, the ends of the specimens were confined with 1/2 in. (13 mm) thick, 10 in. (254 mm) long rectangular steel tubes with holes on two opposite faces to ensure proper transfer of the axial load and moment to the middle 16 in. (406 mm) plain concrete test section.
The specimens and the cylinders were demolded 24 hours after casting and were then covered with wet burlap and plastic sheets for a week. The specimens were then stored in the laboratory where the temperature was maintained at approximately 72 °F (22 °C) with 50% relative humidity until the time of testing. The ends of the cylinders were ground before testing.
Materials
Concrete mixture designs for the three different target strengths were developed by Logan 5 and are summarized in Table 1 . The coarse aggregate was crushed stone with a nominal maximum size of 3/8 in. (10 mm). Two types of fine aggregate were used depending on the target compressive strength. The first was natural sand and the second was manufactured sand, generically known as 2MS Concrete Sand. The cement was Type I/II. Fly ash, silica fume, high-range water-reducing admixture (HRWRA), and retarding admixture were used to obtain the appropriate strength.
Test method and test setup
A schematic view of the test setup is shown in Fig. 2 . The two axial loads of P 1 and P 2 were adjusted during the test to maintain the location of the neutral axis, that is, zero strain at the exterior face of the specimen. On the opposite side of the cross section, the extreme fiber was subjected to a monotonically increasing compressive strain. In each loading step, the main axial load from the test machine, P 1 , was applied first to a predetermined level to produce a uniform axial strain in the section. Then, the secondary load P 2 was applied by a jack to develop the strain gradient, maintaining zero strain at the exterior face, and a maximum compressive strain at the opposite face.
Two steel moment arms were connected to the specimen using six threaded rods through the holes in the rectangular steel tube at each end. Each steel arm consisted of two 24 in. (610 mm) long C8 x 11.5 channel sections welded to two 9 x 1 x 24 in. (229 x 25 x 610 mm) steel plates at the top and the bottom. Half-inch (13 mm) stiffeners were used for the steel arms. Two specially designed roller connections were used to eliminate the end restrictions due to the applied axial load from the machine. Each roller connection consisted of six 1 in. (25 mm) diameter rollers and two curved plates, tapering through inside and outside, respectively. The roller connection assembly was fixed to side plates that were released at the time of testing. Both the steel arms and the roller connections were designed with a factor of safety of at least two against yielding to ensure failure in the test region.
Instrumentation
The primary axial load P 1 , applied by the 2000 kip (8900 kN) load-controlled hydraulic compression machine, was measured by an internal load cell. The secondary load P 2 was applied using a 120 kip (530 kN) manual hydraulic jack and was measured using a 100 kip (440 kN) flat load cell.
Each specimen was instrumented with 2.4 in. (60 mm) electrical resistance strain gauges. A total of nine strain gauges were mounted on each test specimen. Two gauges were applied on the zero strain face. Four gauges were mounted on the two sides of the specimen. The remaining three were placed on the maximum compression side of the specimen, one of which was used to measure the transverse strain of concrete. Three 1 in. (25 mm) linear variable displacement transducers (LVDTs) were placed at the top, bottom, and midsection of the specimen to measure its deflected shape and to incorporate the secondary moment effect. The instrumentation layout is illustrated in Fig. 2 .
Test procedure
The bottom roller connection was placed first into the compression machine. The specimen was then positioned, aligned, and leveled on the roller connection. The bottom and top steel arms were then connected to the specimen using threaded rods. The load cell and the jack, used to apply the secondary load, were placed on the top arm. The bottom arm and the top arm assembly were connected to each other using a threaded rod. The top roller connection was then positioned and leveled.
The specimen was leveled using a thin layer of hydrostone. As the primary axial load was increased incrementally, the secondary load was applied to maintain the neutral axis at the exterior face. The loading rate was kept at 2 microstrains per second on the compression face of the specimen. Each test lasted for about 25 minutes, until concrete was crushed. Three companion cylinders were tested on the same day in accordance with ASTM C39. 6 
TEST RESULTS AND DISCUSSIONS
The test-day average cylinder strengths for the three target strengths were 11.1, 14.9, and 15.4 ksi (76.4, 102.5, and 106 MPa), respectively. The highest test-day average cylinder strength achieved in this research was 16.0 ksi (110 MPa). All test specimens had a similar explosive failure mode with no visible crack up to failure. Typical failure mode for the eccentric bracket tests is shown in Fig. 3 . The cylinder strength, the age at testing, the loading rate, and the ultimate compressive strain achieved by the specimens are summarized in Table 2 .
Stress block parameters
The approach presented by Hognestad et al. 1 was used to determine the stress-strain relationship for each specimen. This approach was used to calculate the concrete stress f c as a function of measured strain at the most compressed fiber ε c and the applied stresses f o and m o . The following equations were obtained from equilibrium of external and internal loads and moments. Note that the eccentricities due to deflection of the member were also considered in the calculation for total applied moment M.
where C is the total applied load, a 1 and a 2 are the eccentricities with respect to the neutral surface, b is the width of the section, c is the depth of neutral axis, and
are the applied stresses. Some of these definitions are illustrated in Fig. 2 . Differentiating the last terms of the equations for C and M with respect to ε c yields the following equations
Using these equations, two similar stress-strain relationships were obtained for each eccentric bracket specimen and the average of these two was used as the stress-strain relationship of the specimen. A typical obtained stress-strain distribution for HSC is shown in Fig. 4 . The numerical values of the simplified stress-strain relationships for all specimens are given in Mertol. 4 In general, the stress block in the compression zone of a flexure member can be defined by three parameters: k 1 , k 2 , and k 3 . The parameter k 1 is defined as the ratio of the average compressive stress to the maximum compressive stress in the compression zone k 3 f c ′. The parameter k 2 is the ratio of the depth of the resultant compressive force C to the depth of the compression zone c. The parameter k 3 is the ratio of the maximum compressive stress in the compression zone to the compressive strength measured by concrete cylinder f c ′. The design values of the stress block parameters are determined when the strains at the extreme fibers reach the ultimate strain of the concrete ε cu . The three generalized parameters of a stress block can be reduced into two parameters to establish an equivalent rectangular stress block using α 1 and β 1 , which ensures the compressive stress resultant being at the same location. The stress block parameters in this study were calculated using the compressive strengths measured by concrete cylinders, the stress-strain relationships obtained in this study, and the methodology described
previously. These parameters are shown in Fig. 5 . The stress block parameters for each specimen are also given in Table 2 .
The ultimate strain of concrete member subjected to flexure is generally higher than that of concrete cylinder subjected to pure compression. The linear strain gradient in the compression zone of flexural members helps in achieving higher strain value at failure. Other reasons for higher strain are the shape and size effects of the concrete cylinder compared with the actual reinforced concrete structural member. Furthermore, the rate of loading of a structural member is usually much slower than that of a concrete cylinder. The stress distribution of concrete in flexure, however, may still be represented adequately by the stress-strain relationship of the concrete cylinder using an empirical constant k 3 to account for all of these differences. This constant is determined by comparing the beams tested in flexure to the companion cylinders tested under compression. 1 The stress distribution of normal-strength concrete (NSC) is represented by the curved shape, as shown in Fig. 6 . For this stress distribution, k 1 and k 2 are equal to 0.85 and 0.425, respectively. When converted to a rectangular distribution, α 1 and β 1 correspond to k 3 and 0.85, respectively. If the stress distribution of HSC is assumed to be triangular, k 1 and k 2 would be equal to 0.50 and 0.333, respectively. Then, the rectangular stress block parameters, α 1 and β 1 , would be 0.75k 3 and 0.667, respectively. These parameters are also shown in Fig. 6 .
The test results of this research and other research reported in the literature indicate that the majority of the collected data for the generalized stress block parameter k 1 for HSC is higher than 0.58 for concrete with compressive strengths between 10 and 18 ksi (69 and 124 MPa), as shown in Fig. 7 . Therefore, the lower-bound value of 0.58 is suggested for k 1 parameter for concrete with compressive strengths higher 1 Nedderman, 7 Kaar et al., 8, 9 Swartz et al., 10 Pastor, 11 Schade, 12 Ibrahim, 13 Tan and Nguyen, 14 and Sargin et al. 15 The tabulated values of the research data are presented in Mertol. 4 The k 2 parameter implied in ACI 318-05 3 and LRFD specifications 2 is already set to 0.33 for concrete with compressive strengths greater than 8 ksi (55 MPa), because the assumed β 1 parameter used in design is equal to 0.65. This provision is also confirmed by the collected data for HSC between 8 and 18 ksi (55 and 124 MPa), as shown in Fig. 8 . Therefore, β 1 can be assumed to be 0.33.
The collected data also indicate that the stress block parameter k 3 for HSC is similar to NSC, as shown in Fig. 9 . Hence, using the same value of k 3 = 0.85 for concrete with compressive strengths up to 18 ksi (124 MPa) is appropriate for design purposes.
Using the aforementioned values proposed for the generalized stress block parameters, the lower-bound relationships for rectangular stress block parameters α 1 and β 1 can be obtained as follows (7) (8) (9) where f c ′ is in ksi. (10) where f c ′ is in MPa. (11) where f c ′ is in ksi. (12) where f c ′ is in MPa.
The comparisons of the proposed relationships to all collected test results are shown in Fig. 10 and 11 . An analysis was performed by Mertol 4 to evaluate the sensitivity of the ultimate moment capacity of a reinforced concrete member to the rectangular stress block parameters α 1 and β 1 , and the results of the sensitivity analysis are shown in Fig. 12 and 13 . The analysis indicates that, for underreinforced concrete members, a reduction in the rectangular stress block parameter α 1 by 11.8% leads to a reduction of the ultimate moment capacity by only 1.9%. For an over-reinforced concrete member, however, a reduction in α 1 by 11.8% may lead to a reduction of the ultimate moment capacity by as much as 10.3%. Note that a reduction of β 1 by 23.5% has no effect on the ultimate moment capacity of under-reinforced concrete members, but it will cause a reduction of slightly over 12% of the ultimate moment capacity of over-reinforced concrete members.
Concrete strain measurements
The surface strain measurements at different load levels for Specimen 18EB#2 are shown in Fig. 14 . Similar behavior was observed for other specimens. The graph validates the assumption that plane sections remain plane after deformation for HSC members.
The ultimate concrete compressive strains measured at failure on the compression face of concrete are shown in Table 2 . Based on a regression analysis by Mertol 4 on 188 test results available in the literature with concrete compressive strengths up to 20 ksi (138 MPa) under eccentric loading, an ultimate compressive strain of 0.003 is considered applicable for design purposes for concrete with compressive strengths up to 18 ksi (124 MPa). A comparison of the proposed ultimate compressive strain of concrete with test results of this and other research [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] reported in the literature is shown in Fig. 15 . When only the test results for concrete compressive strengths over 10 ksi (69 MPa) are considered, the 90 percentile line for ε cu is very close to the proposed value of 0.003. 
Poisson's ratio
The measurements of a horizontal strain gauge on the compression face were used to calculate the Poisson's ratio for HSC. The calculated values of Poisson's ratio ν for all target concrete strength specimens are shown in 
SUMMARY AND CONCLUSIONS
A total of 21 plain HSC specimens were tested under eccentric compression to simulate the compression zone of a flexural member by varying the applied axial load and moment. The dimensions of the specimens were 9 x 9 x 40 in.
(229 x 229 x 1016 mm) and the concrete cylinder strength ranged from 10.4 to 16 ksi (71.7 to 110.3 MPa). The data obtained herein were used to determine the fundamental characteristics of the stress distribution in the compression zone of a flexural member. The test results obtained in this research combined with the available data in the literature were used to develop recommended changes for code provisions. The following conclusions can be drawn with respect to flexural design with HSC up to 18 ksi (124 MPa).
1. 
